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Elasto-plastic F. E. analysis of braced excavation considering construction sequence 
Analyse élasto-plastique à E. F. du creusement arc-bouté considérant la séquence de la construction

S. K. Bose & N. N. Som - Department ot Civil Engineering, Jadavpur University, Calcutta, India

ABSTRACT : A finite element analysis of a typical instrumented test section of the 

Calcutta Metro Construction has been done. Sequential excavation for the braced cut 

in a stratified soil is simulated to consider the field condition as far as possible. 

Analysis is done for undrained condition of the soil. Modified Cam-clay constitutive 

relationship is used to model the material nonlinearity of the soil. The general trend 

of the theoretical results shows good agreement with the field observations except for 

certain cases where lack of construction control and delay in construction caused major 

deviations from theoretical predictions.

KESUME : Une analyse à  élément fini d'une section typique de l'epreure équipée de la 

construction du métro de Calcutta a été faite. Le creusement a séquence pour le creusage 

arc-bouté dans une terre stratifiée est simulé afin de considérer la condition du champ 

dans la mesure du possible. L'analyse se fait pour la condition non-égouttée de la terre. 

Le rapport constitutif de l'argile à cames modifée sert à modeler la non-linéarité 

matérielle de la terre. Le tendance générate des résultats théoriques tend a s'accorder 

arec les observations du champ, sanf, dans certains cas ou le manque de contrôle et 

le retardement de la construction ont cause' des déviations majeures de la prédiction 

théorique.

INTRODUCTION

The newly built Metro Railway in the city of 
Calcutta covers a total length of 17.5 km 
and provides the city with the first Rapid 
Transit system from Dum Dum in the north to 
Tollyguhge in the south. For major part of 
the construction braced cut with lateral 
support in the form of horizontal struts 
was resorted to. Such vertical cut with 
bracings was found to be the most cost 
effective means of underground construction 
in a city like Calcutta with numerous 
problems arising out of lack of adequate 
space, existence of old buildings close to 
the alignment, roads and utility services, 
weak sub-soil conditions, high sub-soil 
water level etc.

The design of a braced excavation is 
done to prevent failure of any of following 
kinds:
a) Collapse of sides or bottom of the 
excavation due to shear failure of the soil.
b) Excessive ground settlement causing 
damage to the adjoining structures.

A wide range of factors such as depth 
and shape of cut, penetration of wall, 
subsoil profile, stiffness of the support 
system and construction sequence have major 
influence on the performance of such 
excavation.

e x c a v a t io n  s c h e m e  a n d  s u b s o i l  p r o f i l e

The subsoil profile and the excavation 
scheme followed at a typical instrumented 
section of the Calcutta Metro is shown in 
Figure 1 .
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Figure 1. Subsoil condition and excavation 
profile at Test Section-2 of Calcutta Metro 
Construction.

Performance of such excavation can be 
evaluated in terms of the wall displacement, 
bottom heave, settlement of the adjacent 
ground, earth pressure, strut forces etc. In 
the present study finite element method is 
used to model the construction in the field 

considering the sequence of excavation as 
well as the soil stratification. Results of 
the theoretical analysis are compared with 
the field observations, to evaluate the soil 
structure interaction phenomena involved in 
such construction.
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A brief discussion of the subsoil 
conditions of Calcutta would be found 
relevant to the present discussion The 
Calcutta soil forms part of the Bengal Basin 
which is believed to have its geological 
history dating back to the middle of the 
Mesozoic era. The basin is the site of 
continuous sediment deposition by rivers 
starting from Cretacious period till recent 
times. The upper region is primarily of 
brownish grey/ light brown silty clay which 
has moderate overconsolidation effect due to 
dessication. Over consolidation ratio of 3-4 
has been measured from odeometer tests. This 
is reflected in a low moisture content and 
low compressibility below preconsolidation 
pressure, which is typically of the order of 
l0-15t/ma . The second stratum is normally 
consolidated and consist of grey to dark 
grey silty clay with decomposed wood having 
low shear strength and high compressibility. 
The deeper strata are stiffer and comprise 
of alternate layers of stiff to very stiff 
mottled brown /grey silty clay with 
calcerious modules and dense brown claey 
silt /silty fine sand.

FINITE ELEMENT SIMULATION

The finite element mesh adopted to 
discretise the soil and the wall within the 
excavation domain is shown in Figure 2. It 
consists of 258 eight-noded isoparametric 
elements and 288 nodal points, to simulate 
the 10.6m wide excavation. Three point 
Gauss-Quardrature rule was used. Plain 
strain condition was assumed for the two- 
dimensional analysis of the braced cut. The 
boundaries AB and CD were put on rollers 
while the boundary BC was completely 
restrained from any movement. EF represents 
the final excavation level, while AB 
represents the centre-line of the 
excavation. Elements in the region AEFG were 

removed sequentially till the final 
excavation level was reached.

WALL ELEMENTS

Figure 2. Finite element mesh used for 
theoretical analysis.

The 600 mm diaphragm wall, built on 
either side of the excavation was simulated 
as a linear elastic element with modulus of 
elasticity E = 2.5x10* t/m and v=
0.15.'Slip' or joint elements were not used 
between the soil and the wall to avoid 
singularity problem. Instead, very thin soil 
elements were introduced in the interface. 
Diaphragm wall construction before
excavation was assumed to have no effect on 
the insitu stresses of the soil (Som and 

Raju 1989).

Analyses were carried out considering 
the the material linearity and nonlinearity 
of the soil elements. For modelling the 
nonlinear soil Modified Cam-clay 
constitutive law was used (Britto and Gunn 
1987) . The soil was assumed to remain under 
undrained conditions. Strains in soil 
elements were considered to have occurred 
sufficiently fast so as not to permit water 
to flow out of the pore Space. The bulk 
modulus of water was assumed to be 100 times 
that of soil elements. The effective stress 
parameters were used for the analyses 
carried out. A range of parameters thus used 
for the different soil stratum is summarised 
in Table 1.

Table 1. Soil parameters used for the f .e . 
analysis.

Soil Soil Stratum
Parameters I 11 i n  iv

Poission's Ratio 0.300 0.300 0.300 0.300

Specific volume 
at unit pressure*

0 . 850 1.200 0 . 800 0.750

Slope of
consolidation
line*

0 . 064 0 .143 0 . 080 0 . 060

Slope of 
swelling line*

0 . 021 0 . 028 0 . 026 0 . 020

Angle of internal 
friction

26“ 26° 30° 32°

Shear modulus 
(t/m1)

270 170 415 535

Bulk density 
(t/m3)

1.85 1. 80 1.90 1.95

* From e vs. logp diagram.

CONSTRUCTION SIMULATION

The construction procedure essentially 
consisted of two phases, namely, excavation 
and strut installation. Excavation was 
simulated by removing the elements rowwise 
from the excavation side. Each time a row of 
element was removed, the excavated surface 
was made stress free by calculating the 
equivalent nodal forces acting from the 
removed elements and applying them on the 
excavated boundary. To simulate the material 
nonlinearity of the soil the implied load 
due to excavation was found too large to be 
applied in a single increment. Therefore, 
for the nonlinear analysis each
'excavation' load was spread over a number 
of increments to ensure numerical stability, 
until convergence was achieved.

In the field two ISMB-600 were used as 
longitudinal struts, placed at a horizontal 
spacing of 3m c/c. The value of the strut 
stiffness was calculated as 44000t/m length. 
Simulation of sequential strut installation 
was done exactly in the same way as done in 
the field. For example, the first strut was 
installed after first stage of excavation. 
For each strut, a preload of 6t/m was 
applied at the specific finite element node 
at relevant depth and thereafter the spring 
stiffness of the strut was fixed at that 
point for the next load increments.

1284



RESULTS AND DISCUSSION

Altogether two F.E. runs were made 
considering the material linearity and 
nonlinearity of the soil elements. It is 
found interesting to compare the ground 
settlement, bottom heave and the 
corresponding wall movements in terms of the 
volume of the lost ground due to ground 
settlement (Sv), the volume of heaving at 
the bottom of the cut (Bv) and the volume of 
the soil displaced by the wall (Dv). Ideally 
there should be a relationship between the 
above quantities, (Som 1991) such that,

Sv = Dv + Bv (1)

Table 2 shows the comparison of Sv, Dv 
and Bv for both the linear and the nonlinear 
analysis as worked out for the final cut
level.

Table 2. Ground loss (Sv) vs wall 
displacement volume (Dv) and volume of 
heaving (Bv) .

Analysis Dv Bv Dv+Bv Sv

Type m3/m m3 /m m 3/m m3 /m

Linear 0.594 0.306 0.900 0.820

Nonlinear 0.898 0.475 1.373 1.182

The results of Table 2 show that the
volume of lost ground can be reasonably 
predicted from equation (1) as suggested by 
Lim et. al. from the observations of the 
Bulgis cut. This relationship hold good as 
long as the assumption of the undrained 
conditions is valid and the soil is truely 
incompressible.

The results of nonlinear F.E. analysis 
are presented Figure 3 and Figure 4.

a) Wall movement

The theoretical values of the wall 
deflection are presented in Figure 3 to 
compare with the observed data for the 2nd, 
3rd, 4th and 5th stages of excavation. The 
general trend of the wall movement as 
obtained from F.E. runs shows a good 
agreement except for the 4th and 5th stages 
where the discrepancy is large. The 
theoretical analysis assumed ideal 
conditions of construction sequences under 
short term effect. Moreover the soil was 
assumed to be isotropic. But in the actual 
field these idealised conditions seldom 
prevail. Lack of construction control, 
improper fixation of the struts, delay in 
strut installation, rate of excavation and 
other undesired factors come to play. These 
are not taken into consideration in the 
theoretical analysis. Moreover long term 
effects of creep leads to large wall 
movements. All these factors may cause the 
discrepancy between theoretical and observed 
data for the final stages of excavation.

WALL MOVEMENT (m m )

Figure 3. Movement of diaphragm wall, 

b) Ground settlement

Figure 4 represents a plot of vertical 
ground settlement adjacent to the wall 
against horizontal distance away from the 
wall. The results for the final stage of 
excavation are presented in the figure. The 
instrumentation scheme for measuring the 
vertical settlement was extended upto a 
horizontal distance of 24m away from the 
wall face and field results beyond this 
distance could not be plotted for 
comparison. The plot of the F.E. results 
shows the zone of settlement upto a 
horizontal distance of three times the depth 
of cut.

DISTANCE FROM WALL (m )

Figure 4. Ground movement. 

c) Strut force

The strut forces as obtained from the 
analysis are plotted against the depth of 
the cut in Fig. 4. For the first three 
struts the general trend is that forces in 
each strut increases till the installation 
of the subsequent strut. It can be inferred 
from the plot that maximum load does not 
occur in all the struts simultaneously.
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STRUT LOAD (t/m )
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Figure 5. Strut load.

C O N C LU S IO N

A finite element analysis of braced 
excavation was carried out to compare the 
theoretical results with the field observed 
values obtained from Calcutta Metro 
Instrumentation. The general trend of 
theoretical results shows good agreement 
with the field observations except for cases 
where lack of construction control and delay 
in construction cause major deviations in 
the observed behaviour.
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